ABSTRACT: There has been a rapid global expansion of Aedes albopictus, with varying biological characters and vector competence according to geographic and evolutionary origins of the invading populations. Based on mitochondrial gene cytochrome c oxidase I (COI) sequences from both native and invasive regions, genetic characters of Ae. albopictus were examined. Phylogenetic analyses indicate lineage differentiation in the original areas, and only one of the lineages was involved in the worldwide expansion. Multiple invasions were detected in populations in Africa and the Americas, whereas no obvious genetic structure was found in European populations. Asian populations showed high genetic diversity, with 42 private haplotypes being detected in this region. In addition, other genetic divergence has occurred, as in Japan and Pakistan, where populations showed significant differences from all other Asian populations. Altogether, populations in China displayed the highest genetic diversity (Hd=0.946, π=1.609%) and significantly negative Tajima's D (-1.88475) and Fu's FS (-24.43873). This result may be attributable to the insecticide interventions used to control dengue epidemics. Journal of Vector Ecology 43 (1): 89-97. 2018.
INTRODUCTION
The Asia tiger mosquito Aedes (Stegomyia) albopictus originated in Southeast Asia where it lives at the edges of forests and breeds in tree holes and other small natural reservoirs (Enserink 2008) . This mosquito has spread throughout tropical and temperate areas of all continents except Antarctica (Kraemer et al. 2015) . Human behaviors appear to drive the rapid global expansion, particularly facilitated by the international trade of used tires and lucky bamboo (Dracena sanderiana) (Medlock et al. 2012) .
Aedes albopictus was first detected outside of its native region in Jayapura in the West Papua Province of Indonesia in 1963. Subsequent surveys during the early 1970s confirmed the mosquito in northern Papua New Guinea (PNG) near Madang (Schoenig 1972 , Lee et al. 1987 . In Europe, the species was first discovered in Albania in 1979 (Adhami and Murati 1987) and in Italy in 1990 (Sabatini et al. 1990 ). In North America, Ae. albopictus was first documented in the U.S.A. in 1985 (Reiter and Sprenger 1987) . After being progressively recorded in the eastern and central U.S.A., the species was first found in São Paulo, Brazil, in 1986 (Forattini 1986 ). The first detection of Ae. albopictus in Mexico was in the northern state of Coahuila in 1993, along the non-coastal region of the Mexico-U.S.A. border (Ibáñez-Bernal and Martínez-Campos 1994) . Subsequently, this mosquito was found in Guatemala, Honduras, and Salvador in 1995 (Enserink 2008) and in Colombia and Argentina in 1998 (Vélez et al. 1998 , Rossi et al. 1999 . Ae. albopictus was identified much later in 2002 in Panama and Nicaragua, respectively (Enserink 2008 . In Africa, data are lacking for most regions, with the first report of Ae. albopictus occurring in 1991 (Savage et al. 1992 ).
The rapid expansion of Ae. albopictus has led to concern about an associated increase in the range of spread of vector-borne diseases. Because Ae. albopictus is capable of transmitting more than 20 human viruses, including dengue viruses, Chikungunya viruses, and the emerging Zika virus (Gardner et al. 2016) , it poses tremendous health threats given the worldwide distribution of this vector. Research has demonstrated that photoperiodic diapause plays an important role in the adaptation of Ae. albopictus to newly invaded regions and is genetically based (Urbanski et al. 2012 , Poelchau et al. 2013 . Likewise, the vector competence (Lourenco de Oliveira et al. 2003) , feeding habits (Delatte et al. 2010) , insecticide resistance (Vontas et al. 2012 , Marcombe et al. 2014 , and even the interactions with the viruses (Zouache et al. 2014) of Ae. albopictus vary according to the genetic variation among vector populations or individuals.
Hence, information on the genetic diversity and population dynamics is critical for guiding vector control strategies and predicting or preventing epidemics. Indeed, many studies have investigated the genetic diversity of native and invasive populations of Ae. albopictus, but most were limited to local areas (Beebe et al. 2013 , Delatte et al. 2013 , Kamgang et al. 2013 . Further genetic analyses of this species have become more important, and comprehensive studies including populations from native and invasive areas are required. In this study, we performed genetic diversity analysis of Ae. albopictus based on the mitochondrial gene cytochrome c oxidase I (COI), which is also widely used for barcoding, and numerous published sequences from different geographical origins are available for analysis. The results of this study will promote an understanding of the phylogenetic relations among the different populations and will be valuable for estimating the risk of mosquito-borne diseases.
MATERIALS AND METHODS

Samples
The samples for this study were collected from most of the distribution areas of Ae. albopictus in China from 2014 to 2016. Adults were collected with aspirators and identified. Larvae were reared to adults for a reliable identification of the mosquito species. All samples were stored in 95% ethanol for subsequent use in molecular experiments.
Additionally, the COI sequences were searched in GenBank, using taxon-specific "Aedes albopictus" combined with gene identifiers [COI or COX1] . Downloaded sequences that included partial sequences that were very short and ⁄or not the portion of the COI segment used in this study were the first excluded. The remaining sequences were aligned using Clustal 1.8 (Thompson et al. 1997 ) and trimmed by deleting the flanking regions and abnormal sequences to obtain a final dataset that included the maximum number of homologous sequences for different populations while keeping the longest sequences. The trimmed sequences were then aligned using Mega 5 (Tamura et al. 2007 ), examined by eye and adjusted to exclude obvious alignment errors.
DNA extraction, PCR, and sequencing
Total DNA was extracted from whole mosquito bodies using DNeasy Blood and Tissue Kit (Transgen Biotech Inc., Beijing, China) following the manufacturer's protocol. A 650bp fragment of COI was amplified using the primers LCO1490 (5'-GGTCAACAAATCATAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCAGGGTGACCAAAAAATCA-3') (Folmer et al. 1994) . PCR amplification for COI was performed in 30 μl reaction volumes: 3 μl 10× PCR buffer, 2.4 μl dNTPs, 20μl dd H 2 O, 0.4 units Taq DNA polymerase (all from TransGen Biotech, Beijing, China) and 0.8 μl 10 μM forward and reverse primers (synthesized by Invitrogen Biotech, Beijng, China). The thermocycling conditions for the COI consisted of 95° C for 5 min; 35 cycles of 95° C for 50 s, 45° C for 50 s, and 72° C for 1.5 min. A final extension step of 10 min at 72° C was added after cycling. Sequencing reactions were performed using the same amplifying primers for both reactions using ABI 3730 automated sequencer.
DNA analyses
Sequences were assembled using Seqman (DNASTAR 7.1) and checked manually. The accuracy of the COI sequences was confirmed by translating the nucleotide data to amino acid sequences. Multiple alignments were performed with MEGA 5. The best model chosen under the Akaike Information Criterion (AIC) (Posada and Buckley 2004) for COI was GTR+I+G. Phylogenetic analyses were conducted in PHYML (Guindon and Gascuel 2003) , and nodal support was evaluated by bootstrap analysis with 1,000 replicates.
Genetic diversity, including polymorphic sites, numbers of haplotypes (N), haplotype diversity (Hd), and nucleotide diversity (π) was assessed using DnaSP 5.0 (Librado and Rozas 2009) . Genealogical relationships among the haplotypes were constructed using median-joining (MJ) network algorithm as implemented in the Network 4.6.1.0 (Posada and Crandall 2001) . Pair-wise F ST values were estimated using the software Arlequin 3.5 (Excoffier et al. 2005 ) to assess the genetic differentiation among the populations. Deviations from selective neutrality were tested by Fu's Fs statistics and Tajima's D per population in the program Arlequin.
RESULTS
One hundred thirty-nine COI sequences from this study, belonging to 25 haplotypes (GenBank accession numbers: KY378914-KY378938) from this study, in addition to 550 sequences downloaded from Genbank GenBank were used for the genetic diversity and phylogenetic analyses. After alignment and trimming, the final length of 575 COI sequences was 518 bp that included samples from 23 countries. Among these countries, Australia, Greece, Albania, South Korea, and Turkey were represented by two sequences, and only one sequence was obtained from Brazil, Panama, and Mauritius, each being represented by only one. Altogether, 76 haplotypes were defined, including 48 unique haplotypes and 28 haplotypes shared by two or more populations. Haplotype 3 was dominant for all sampled localities, comprising 352 sequences from 17 countries. Haplotype diversity (H) and nucleotide diversity (π) of the populations that were represented by more than three samples were analyzed (Table  1) . Overall, the Hd of most populations was high, ranging from 0.059 in the Netherlands to 0.946 in China, whereas no variation was detected in the populations from Reunion, Morocco, and Costa Rica (H =0.000). The highest nucleotide diversity was found in Thailand (5.376%), followed by Vietnam (4.440%) and China (1.609%).
Neutrality tests revealed that Tajima's D statistics for Vietnam (D=-0.86658, P=0.040), Madagascar (D=-1.56634, P=0.012), China (D=-1.88475, P=0.007), and the Netherlands (D=-1.49966, P=0.039) were significantly negative. No obvious departure from neutrality was found in the other populations ( Table 1 ), indicating that most of the Ae. albopictus populations were in genetic equilibrium and consistent with the neutral mutation hypothesis. For Fu's Fs test, only the Madagascar (F=-2.37806, P=0.015) and China (F=-24.43873, P<0.000) populations were significantly negative, suggesting that these populations had experienced an expansion or bottleneck.
Pairwise F ST values demonstrated differences among populations ( Table 2) . Samples of African origin (Morocco, Madagascar, and Reunion) were not significantly differentiated from one another but showed high and significant F ST values with populations of other regions. Similarly, this pattern was also detected between populations from the Americas and Costa Rica (F ST =0.06178) and between European populations in Italy and the Netherlands (F ST =0.06671). However, the situation was complicated for Asia. Philippine populations showed obvious differences with all other populations except for those of China and Thailand. The Singapore population was not obviously differentiated from the populations in Vietnam, China, and India but showed significant F ST values with all other comparisons. Additionally, the F ST value between the Japanese and Pakistani populations was 0.03766 (P>0.05), whereas these two populations demonstrated significant differences with all other Asian populations.
Phylogenetic analyses demonstrated that all 76 haplotypes clustered into three clades (Figure 1) . Most haplotypes clustered into Clade I (ML: 100), without an obvious geographical pattern. Haplotype 6 (Vietnam, China), H20 (China), H74 (China), H75 (China), and H76 (China) constituted Clade II (ML: 100), whereas H31 (Thailand) and H33 (Thailand) grouped into Clade III (ML: 100). According to the phylogenetic relationships of the three clades, Clade III was the ancestral lineage, and Clades I and II were derived. All haplotypes of Clades II and III were restricted to southeastern Asia, where Ae. albopictus originated. The median-joining network constructed relations between the COI haplotypes and revealed a genetic structure that was consistent with the phylogenetic analyses (Figure 2) . Haplotypes of Clade I formed two "star-like" lineages with H1 and H3 in the center, and all haplotypes were connected to one another by no more than two nucleotide mutations. This result demonstrated that H1 and H3 were ancestral haplotypes and the remaining haplotypes were derived from them. Haplotypes of Clades II and III grouped to a separate clade and displayed several mutations within and between clades.
DISCUSSION
Phylogenetic analyses revealed three genetically distinct clades: Clade I was distributed worldwide without an obvious geographical pattern, whereas Clades II and III were restricted to Thailand, China, and Vietnam. This genetic pattern was also confirmed by the haplotype networks. Considering that Clade III was placed at the base of the ML tree, the low prevalence and limited distribution reflect the secondary adaptation of some Ae. albopictus populations in a preliminary stage. After such a differentiation, the ancestral population of Clade I evolved some characters suited for dispersion and adaptability to different environments and then invaded into other regions under humanaided dispersal. This result agreed with those of Battaglia et al. (2016) , that suggested three primary haplogroups based on the mitogenomes. Likewise, only one of these haplogroups was involved in the recent worldwide dispersal, with the other two haplogroups being restricted to insular Southeast Asia and Taiwan. These results confirmed that Ae. albopictus experienced population differentiations in native areas before its worldwide dispersal and that only one of the genetic lineages was evolved in the global expansion.
In this study, based on the mitochondrial gene COI, a high level of polymorphism (76 haplotypes) was detected in the Ae. albopictus populations. As an invasive species, we expect that native areas harbor higher genetic diversity and that the invaded areas contain low levels of genetic variation. Indeed, the level of genetic diversity found in the populations of Southeast Asia was much higher than that observed in other populations (Table 1) . This result illustrates the loss of genetic diversity that occurred during the process of invasion. Additionally, both the Tajima's D and Fu's Fs statistics suggested that several populations experienced recent expansion, particularly those in Madagascar and China (Table 1) .
As the most widely distributed shared haplotype, H3 was included in 325 samples from Asia, Europe, Africa, and the Americas. Intriguingly, all haplotypes of Africa originated from H3. Genetic analyses suggested that African populations possessed low nucleotide diversity and few private haplotypes. Meanwhile, the F ST values of the African populations were between -0.19488 and 0.00000, indicating a low level of genetic differentiation among these populations. Therefore, we deduced that the Ae. albopictus populations of Africa resulted from colonization by closely related populations, with little differentiation having taken place in local places. Additionally, the significant negative F ST values (-0.19872 to 0.01001) between populations of the Netherlands and African populations indicated genetic similarity between Europe and Africa. Providing support for this conclusion, Raharimalala et al. (2012) used genetic analyses based on mitochondrial genes COI and ND5 and suggested that Ae. albopictus populations in Madagascar were intermixed with individuals from Europe. However, phylogenetic relations demonstrated that the relation of Cameroon populations was much closer to tropical populations, such as those in Brazil, India, Cambodia, Thailand, and Vietnam (Kamgang et al. 2011 ). This inconsistency was most likely due to multiple introductions of Ae. albopictus populations into Africa. Therefore, more samples covering more regions are required to illuminate the origin and invasion routes of this mosquito in Africa.
Multiple invasions were also detected in American and European populations, and both populations shared haplotypes H1and H3, which were sympatric in these regions. Pairwise comparisons demonstrated that the U.S. populations were significantly different from all Asian populations except those in China (F ST =0.02156), and the shared haplotype H9 was restricted to China and the U.S.A. Therefore, we deduced that the American populations originated from China. This conclusion was consistent with the high genetic similarity observed between the Los Angeles and south China populations (Zhong et al. 2013 ). However, Japan was considered to be the ancestral source of the American population, according to Battaglia et al. (2016) . Altogether, these results support an Asian origin of American Ae. albopictus, but the accurate dispersal routes still need to be verified. Previous research (Shaikevich and Talbalaghi 2013, Manni et al. 2015) based on mitochondrial genes (COI and ND5), nuclear genes (ITS2), and microsatellites has suggested a lack of genetic structure in the European populations. In contrast, Battaglia et al. (2016) suggested that European populations had multiple origins. In this study, the populations from Italy and the Netherlands that were used for analysis showed few polymorphisms (Table 1) . These inconsistent results were probably caused by sampling bias; samples covering broader regions are required to get a complete picture of the European population.
High genetic diversity was detected in Asian populations from which Ae. albopictus originated. Among these populations, those in Japan and Pakistan showed the lowest genetic divergences with each other (F ST =0.03766, P>0.05). However, these two populations demonstrated significant differences with all other populations (Table 2 ). In addition, large differences were also detected between populations in Vietnam and Pakistan (F ST =0.70055, P<0.01), Vietnam and the Philippines (F ST =0.13289, P<0.01), India and the Philippines (F ST =0.66667, P<0.01), and the Philippines and Singapore (F ST =0.52271, P<0.01). Although Ae. albopictus can easily disperse with the aid of human activities, significant genetic divergence among populations suggested that gene flow was interrupted in some areas, which was most likely due to geographical or ecological isolation. Breaks in gene flow promoted the formation of private haplotypes, and 42 private haplotypes were detected in the Asian populations. In particular, the population in China showed the highest genetic diversity (Hd=0.946, π=1.609) and included 37 private haplotypes. This result provided further evidence that China is one of the ancestral distribution areas of Ae. albopictus, which coincides with China being the oldest population among the East Asian populations (Manni et al. 2017 ). However, a neutrality test suggested that both Tajima's D (-1.88475, P=0.007) and Fu's F S (-24.43873, P=0 .000) of the population in China was significantly negative, raising the possibility that the population in China has experienced recent bottlenecks and population expansions. A plausible explanation for this result was the insecticide interventions for the control of dengue epidemics might have reduced, but not eliminated, the effective populations of Ae. albopictus, isolating them into small, fragmented gene pools. With the decrease or disappearance of chemical insecticides in use, the remaining populations then expanded rapidly.
The genetic structure of Ae. albopictus populations can be influenced by a variety of factors. First, the process of worldwide spread of this species is closely associated with human movements, such as international trade and travel. Additionally, global warming has played an important role in the successful colonization of newly invaded regions. In addition, the insecticides used for the prevention and control of arbovirus epidemics usually lead to unexpected consequences in a short period. Therefore, the results of this study can serve as a baseline for further refinements. More information is required to incorporate genetic characters with interactions between vector differentiation and virus strains as well as to develop effective prevention and control strategies.
